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1
CMOS DEVICES HAVING DUAL
HIGH-MOBILITY CHANNELS

This application is a divisional of U.S. patent application
Ser. No. 13/179,275, entitled “CMOS Devices having Dual
High-Mobility Channels,” filed Jul. 8, 2011 which applica-
tion is a divisional of U.S. patent application Ser. No.
12/043,588, filed Mar. 6, 2008, now U.S. Pat. No. 7,993,998,
and entitled “CMOS Devices having Dual High-Mobility
Channels,” which applications are hereby incorporated
herein by reference.

TECHNICAL FIELD

This invention relates generally to semiconductor devices,
and more particularly to structures and formation methods of
complementary metal-oxide-semiconductor devices.

BACKGROUND

Metal-oxide-semiconductor (MOS) devices are basic
building elements in integrated circuits. Many methods have
been explored to improve the performance, such as reducing
threshold voltages, of MOS devices.

FIGS. 1 through 5 illustrate cross-sectional views of
intermediate stages in the manufacturing of a conventional
complementary MOS (CMOS) structure. FIG. 1 illustrates
silicon substrate 2, including NMOS region 4 and PMOS
region 6. High-k gate dielectric layer 8 is blanket formed on
silicon substrate 2, followed by the formation of n-metal
layer 10. Hard mask 12 is then formed and patterned to mask
the NMOS region 4. In FIG. 2, dielectric layer 8 and n-metal
layer 10 are removed from PMOS region 6. Silicon substrate
2 is also recessed in PMOS region 6, forming recess 7.
Silicon germanium layer 14 is then epitaxially grown in
recess 7, as shown in FIG. 3. Next, as illustrated in FIG. 4,
high-k gate dielectric layer 16, p-metal layer 18, and hard
mask 19 are blanket formed. In FIG. 5, high-k gate dielectric
layer 16, p-metal layer 18, and hard mask 19 are removed
from NMOS region 4.

The stacked layers shown in FIG. 5 may be used to form
gate stacks for an NMOS device (not shown) in NMOS
region 4 and a PMOS device (not shown) in PMOS region
6. The channel region of the resulting PMOS device is thus
formed of silicon germanium layer 14. Advantageously, the
threshold voltage of the PMOS device is reduced. In addi-
tion, compared with a PMOS device having a silicon chan-
nel, the hole mobility of the PMOS device with the silicon
germanium channel is greater. The drive current of the
PMOS device formed in PMOS region 6 is thus improved.

The CMOS devices formed using the above-discussed
method, however, suffer from drawbacks. The channel
region of the NMOS device formed in NMOS region 4 has
no strain coming from the underlying substrate, and thus the
drive current of the NMOS device is less than optimal.
Further, the germanium in silicon germanium layer 14 may
diffuse into high-k dielectric layer 16, causing a leakage
current in the resulting PMOS device. New formation meth-
ods are thus needed to improve the drive currents of NMOS
devices and to reduce the leakage currents of PMOS devices.

SUMMARY OF THE INVENTION

In accordance with one aspect of the present invention, a
method for forming a semiconductor structure includes
providing a semiconductor substrate including a first region
and a second region; and forming a first and a second
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metal-oxide-semiconductor (MOS) device. The step of
forming the first MOS device includes forming a first silicon
germanium layer over the first region of the semiconductor
substrate; forming a silicon layer over the first silicon
germanium layer; forming a first gate dielectric layer over
the silicon layer; and patterning the first gate dielectric layer
to form a first gate dielectric. The step of forming the second
MOS device includes forming a second silicon germanium
layer over the second region of the semiconductor substrate;
forming a second gate dielectric layer over the second
silicon germanium layer with no substantially pure silicon
layer therebetween; and patterning the second gate dielectric
layer to form a second gate dielectric.

In accordance with another aspect of the present inven-
tion, a method for forming a semiconductor structure
includes providing a silicon substrate including an NMOS
region and a PMOS region; epitaxially growing a first
silicon germanium layer over the silicon substrate, wherein
the first silicon germanium layer includes a first portion over
the NMOS region, and a second portion over the PMOS
region; epitaxially growing a silicon layer over the first
silicon germanium layer; forming a first gate dielectric layer
over the silicon layer; forming a first gate electrode layer
over the first gate dielectric layer; removing the first gate
electrode layer, the first gate dielectric layer, and the silicon
layer from over the PMOS region; forming a second gate
dielectric layer, wherein the second gate dielectric layer
includes at least a portion over the second portion of the first
silicon germanium layer; forming a second gate electrode
layer over the second gate dielectric layer; patterning the
first gate dielectric layer and the first gate electrode layer to
form a first gate stack; and patterning the second gate
dielectric layer and the second gate electrode layer to form
a second gate stack.

In accordance with yet another aspect of the present
invention, a method for forming a semiconductor structure
includes providing a silicon substrate; epitaxially growing a
first silicon germanium layer over the silicon substrate;
epitaxially growing a silicon layer over the first silicon
germanium layer; removing the silicon layer; epitaxially
growing a second silicon germanium layer over the first
silicon germanium layer; forming a gate dielectric layer over
the silicon layer; and patterning the gate dielectric layer to
form a gate dielectric.

In accordance with yet another aspect of the present
invention, a semiconductor structure includes a semicon-
ductor substrate including a first region and a second region;
and a first and a second MOS device. The first MOS device
includes a first silicon germanium layer over the first region
of the semiconductor substrate; a silicon layer over the first
silicon germanium layer; and a first gate dielectric over the
silicon layer. The second MOS device includes a second
silicon germanium layer over the second region of the
semiconductor substrate; and a second gate dielectric over
the second silicon germanium layer. The second MOS
device is free from a substantially pure silicon layer between
the second silicon germanium layer and the second gate
dielectric.

In accordance with yet another aspect of the present
invention, a semiconductor structure includes a silicon sub-
strate including a first region and a second region, an NMOS
device, and a PMOS device. The NMOS device includes a
first silicon germanium layer over the first region of the
silicon substrate; a silicon layer over the first silicon ger-
manium layer, wherein the silicon layer is formed of sub-
stantially pure silicon; and a first gate dielectric over the
silicon layer. The PMOS device includes a second silicon
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germanium layer over the second region of the silicon
substrate, wherein the first and the second silicon germa-
nium layer have a same germanium atomic percentage; a
third silicon germanium layer over the second silicon ger-
manium layer; and a second gate dielectric over the third
silicon germanium layer.

The advantageous features of the present invention
include improved drive currents for NMOS devices, and
reduced threshold voltages and reduced leakage currents for
PMOS devices.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, and the advantages thereof, reference is now made to
the following descriptions taken in conjunction with the
accompanying drawings, in which:

FIGS. 1 through 5 illustrate cross-sectional views of
intermediate stages in the formation of a conventional
complementary metal-oxide-semiconductor (CMOS) struc-
ture, wherein the channel region of a PMOS device is
formed of silicon germanium; and

FIGS. 6 through 14 are cross-sectional views of interme-
diate stages in the manufacturing of embodiments of the
present invention.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The making and using of the presently preferred embodi-
ments are discussed in detail below. It should be appreciated,
however, that the present invention provides many appli-
cable inventive concepts that can be embodied in a wide
variety of specific contexts. The specific embodiments dis-
cussed are merely illustrative of specific ways to make and
use the invention, and do not limit the scope of the invention.

A method for forming a complementary metal-oxide-
semiconductor (CMOS) structure is provided. The interme-
diate stages of manufacturing embodiments of the present
invention are illustrated. Throughout various views and
illustrative embodiments of the present invention, like ref-
erence numbers are used to designate like elements.

Referring to FIG. 6, semiconductor substrate 20 is pro-
vided, which may be formed of commonly used semicon-
ductor materials and structures such as bulk silicon, silicon-
on-insulator (SOI), and the like. Semiconductor substrate 20
includes NMOS region 100 and PMOS region 200. Silicon
germanium (SiGe) layer 24 is epitaxial grown on semicon-
ductor substrate 20. In an exemplary embodiment, SiGe
layer 24 is formed using reduced pressure chemical vapor
deposition in a chamber. The precursors may include Si-
containing gases and Ge-containing gases, such as SiH, and
GeH,, respectively. SiGe layer 24 may have a germanium
atomic percentage of between about 5 percent and about 30
percent, although different percentages may also be used.
The thickness of SiGe layer 24 may be greater than about 50
A. One skilled in the art will realize, however, that the
thickness and other dimensions recited throughout the
description are merely examples, and may be changed with
the scales of integrated circuits.

Next, silicon layer 26 is epitaxially grown on SiGe layer
24. In the preferred embodiment, silicon layer 26 is formed
of pure or substantially pure silicon. In alternative embodi-
ments, silicon layer 26 may also include germanium. How-
ever, the germanium atomic percentage in silicon layer 26 is
significantly less than in SiGe layer 24. Greater germanium
atomic percentage in SiGe layer 24 causes a tensile stress to
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be generated in silicon layer 26. An exemplary thickness of
silicon layer 26 is between about 50 A and about 400 A.

Referring to FIG. 7, shallow trench isolation (STT) regions
22 are formed, and may be used to define the boundaries of
NMOS region 100 and PMOS region 200. In alternative
embodiments, the formation of STI regions 22 may be
performed before the formation of silicon layer 26, or even
before the formation of SiGe layer 24.

FIG. 8 illustrates the formation of gate dielectric layer 28,
metal-containing layer 30, and mask layer 32. In the pre-
ferred embodiment, gate dielectric layer 28 is formed of a
material having a high dielectric constant (high-k value), for
example, greater than about 3.9. The exemplary high-k
materials include metal oxides such as HfO,, ZrO,,
HfSiON, metal alloy oxides such as HfZrO, HfTaO, HfTiO,
and combinations thereof. More preferably, dielectric layer
24 is formed of a lanthanum (La) containing material, such
as HfLLaO. Advantageously, the La-containing high-k dielec-
trics are beneficial for reducing the gate work function of the
resulting NMOS device. In alternative embodiments, gate
dielectric layer 28 may be formed of silicon oxide. In an
exemplary embodiment, a thickness of gate dielectric layer
28 is between about 1 nm and about 10 nm. Optionally, a
thin interfacial oxide, for example, with a thickness of less
than about 1 nm, may be formed underneath dielectric layer
28 to improve the carrier mobility.

Metal-containing layer 30 preferably has a work function
suitable for forming NMOS devices, which work function is
preferably between about 4.0 eV and about 4.4 eV, and more
preferably is a conduction band-edge work function (close to
the conduction band of silicon, which is about 4.1 eV). The
exemplary materials include tantalum-containing materials
such as TaC, TaN, TaSiN, and combinations thereof. Metal-
containing layer 30 may have a thickness of between about
8 nm and 100 nm. The formation methods of gate dielectric
layer 28 and metal-containing layer 30 include low-pressure
chemical vapor deposition (LPCVD), plasma enhanced
chemical vapor deposition (PECVD), atomic layer deposi-
tion (ALD), physical vapor deposition (PVD), metal-organic
chemical vapor deposition (MOCVD), and the like. Hard
mask 32 may be formed of silicon nitride, silicon oxynitride,
and the like. Hard mask 32 is patterned, and its portion over
PMOS region 200 is removed.

FIG. 9 illustrates the removal of metal-containing layer
30, gate dielectric layer 28, and silicon layer 26 from PMOS
region 200, for example, by a dry etch. Hard mask layer 32
protects metal-containing layer 30, gate dielectric layer 28,
and silicon layer 26 in NMOS region 100 from being etched.

The etching of silicon layer 26 may cause the surface of
the underlying SiGe layer 24 to be damaged, and hence the
surface of SiGe layer 24 may become rough. This adversely
reduces the hole mobility in the resulting PMOS device,
whose channel region may reside in SiGe layer 24. A second
SiGe layer 34 may thus be epitaxially grown on SiGe layer
24, for example, by using selective epitaxial growth (SEG).
The resulting structure is shown in FIG. 10. In an embodi-
ment, SiGe layer 34 has a substantially same atomic per-
centage as SiGe layer 24. In other embodiments, SiGe layer
34 has a germanium atomic percentage of between about 5
percent and about 30 percent. Preferably, SiGe layer 34 has
a greater Ge percentage that that of SiGe layer 24 so that the
stress in SiGe layer 34 may be compressive, further enhanc-
ing the hole mobility. In alternative embodiments, the Ge
percentage in SiGe layer 34 may be less than, or equal to,
that of SiGe layer 24. In an exemplary embodiment, SiGe
layer 34 has a thickness of between about 5 A and about 400
A. As a result of the possible over-etching of SiGe layer 24
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and the formation of SiGe layer 34, the top surface 36 of
SiGe layer 34 may be higher than, level with, or lower than,
the top surface 38 of the portion of SiGe layer 24 in NMOS
region 200. The vertical difference DT may be as high as
about 300 A, and the difference DT may have a positive
value (indicating top surface 36 as being higher than top
surface 38) or a negative value (indicating top surface 36 as
being lower than top surface 38). Please note that silicon
germanium layers 24 and 34 may be distinguishable if they
have different germanium atomic percentages. In the case
they have a same atomic percentage, however, they may not
be distinguishable.

FIG. 11 illustrates the formation of gate dielectric layer
42, metal-containing layer 44, and hard mask 46. Preferably,
gate dielectric layer 42 is formed of a high-k dielectric
material. The exemplary high-k materials include alumi-
num-containing dielectrics such as HfA10, HFAION, Al1ZrO,
and the like. Other high-k dielectric materials such as
Hf-containing materials may also be used. Advantageously,
the Al-containing high-k dielectrics are beneficial for reduc-
ing the threshold voltage of the resulting PMOS device. In
addition, the aluminum in gate dielectric layer 42 may
reduce the diffusion of germanium in the underlying silicon
germanium layers 24 and 34 into gate dielectric layer 42. As
a result, the leakage current of the resulting PMOS device is
reduced. In alternative embodiments, gate dielectric layer 42
is formed of silicon oxide. Gate dielectric layer 42 may have
an exemplary thickness of be between about 1 nm and about
10 nm. Again, a thin interfacial oxide, for example, with a
thickness of less than about 1 nm, may be formed under-
neath dielectric layer 42 to improve the carrier mobility.

Metal-containing layer 44 preferably has a work function
suitable for forming PMOS devices. The preferred work
function of metal-containing layer 44 is between about 4.9
eV and about 5.2 eV, and more preferably close to the
band-edge work function of about 5.2 eV. The exemplary
materials include tungsten-containing materials such as
tungsten and tungsten nitride, ruthenium-containing mate-
rials such as ruthenium and ruthenium oxide, molybdenum-
containing materials such as molybdenum and molybdenum
nitride, or combinations thereof. Gate dielectric layer 42 and
metal-containing layer 44 may be formed using essentially
the same methods for forming gate dielectric layer 28 and
metal-containing layer 30, respectively. Hard mask layer 44,
which may be formed of essentially the same material as
hard mask 32, is then formed.

Referring to FIG. 12, gate dielectric layer 42, metal-
containing layer 44 and hard mask layer 46 are patterned,
and are removed from NMOS region 100. A further gate
patterning is then performed to form gate stacks 150 and
250, forming the structure as shown in FIG. 13. As a result,
gate dielectric 152 and gate electrode 154 are formed in
NMOS region 100, and gate dielectric 252 and gate elec-
trode 254 are formed in PMOS region 200. In alternative
embodiments, gate stack 250 may be formed directly from
the structure shown in FIG. 11, without going through the
step shown in FIG. 12.

FIG. 14 illustrates the formation of the remaining com-
ponents of NMOS device 160 and PMOS device 260. First,
lightly doped source/drain (LDD) regions 162 and 262 are
formed. As is known in the art, LDD regions 162 and 262
may be formed by implanting n-type and p-type impurities
into NMOS region 100 and PMOS region 200, respectively.
Due to the masking of gate stacks 150 and 250, LDD regions
162 and 262 are substantially aligned to the edges of gate
stacks 150 and 250, respectively.
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Gate spacers 164 and 264 are formed on sidewalls of gate
stacks 150 and 250, respectively. Preferably, gate spacers
164 and 264 are formed by depositing one or more spacer
layer(s) (not shown), and removing horizontal portions of
the spacer layer(s) by etching. In the preferred embodiment,
the spacer layers include a nitride layer on a liner oxide
layer. The preferred spacer deposition methods include
PECVD, LPCVD, sub-atmospheric CVD (SACVD), and the
like.

FIG. 14 also illustrates the formation of deep source/drain
regions 166 and 266 and SiGe stressors 268. The formation
processes for deep source/drain regions 166 and 266 and
SiGe stressors 268 are well known in the art, and thus are not
repeated herein. Source/drain silicide regions (not shown)
are then formed.

The embodiments of the present invention have several
advantageous features. Since NMOS device 160 is formed
on silicon, which is further formed on SiGe, the electron
mobility in the channel region is improved due to the strain
caused by the lattice mismatch between silicon and SiGe. On
the other hand, PMOS device 260 is formed on silicon
germanium, so that the threshold voltage of PMOS device
260 is reduced. Further, doping aluminum into the gate
dielectric of PMOS device 260 results in the reduction in the
diffusion of germanium into the overlying gate dielectric,
and hence the leakage current in PMOS device 260 is
reduced.

Although the present invention and its advantages have
been described in detail, it should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the invention
as defined by the appended claims. Moreover, the scope of
the present application is not intended to be limited to the
particular embodiments of the process, machine, manufac-
ture, and composition of matter, means, methods and steps
described in the specification. As one of ordinary skill in the
art will readily appreciate from the disclosure of the present
invention, processes, machines, manufacture, compositions
of matter, means, methods, or steps, presently existing or
later to be developed, that perform substantially the same
function or achieve substantially the same result as the
corresponding embodiments described herein may be uti-
lized according to the present invention. Accordingly, the
appended claims are intended to include within their scope
such processes, machines, manufacture, compositions of
matter, means, methods, or steps.

What is claimed is:

1. A semiconductor structure comprising:

a semiconductor substrate;

a first isolation region and a second isolation region
extending into the semiconductor substrate;

an n-type metal-oxide-semiconductor (NMOS) device
comprising:

a first silicon germanium layer having a first sidewall in
contact with the first isolation region;

a second silicon germanium layer over the first silicon
germanium layer and having a second sidewall in
contact with the first isolation region, wherein the
second silicon germanium layer has a lower germa-
nium atomic percentage than the first silicon germa-
nium layer;

a first lightly doped source/drain (LDD) region extend-
ing into the second silicon germanium layer, wherein
the first LDD region does not extend into the first
silicon germanium layer; and



US 9,472,552 B2

7

a first deep source/drain region extending into both the
first silicon germanium layer and the second silicon
germanium layer; and

a p-type metal-oxide-semiconductor (PMOS) device

comprising:

a third silicon germanium layer having a third sidewall
in contact with the second isolation region, wherein
the first and the third silicon germanium layers have
a same germanium atomic percentage;

a fourth silicon germanium layer over the third silicon
germanium layer and having a fourth sidewall in
contact with the second isolation region, wherein the
fourth silicon germanium layer has a higher germa-
nium atomic percentage than the third silicon ger-
manium layer;

a second LDD region extending into the fourth silicon
germanium layer, wherein the second LDD region
does not extend into the third silicon germanium
layer; and

a second deep source/drain region extending into both
the fourth silicon germanium layer and the third
silicon germanium layer.

2. The semiconductor structure of claim 1, wherein the
third silicon germanium layer has a top surface lower than
a top surface of the first silicon germanium layer.

3. The semiconductor structure of claim 1, wherein the
NMOS device further comprises a first gate stack over and
in contact with the second silicon germanium layer, and the
PMOS device further comprises a second gate stack over
and in contact with the fourth silicon germanium layer.

4. The semiconductor structure of claim 1, wherein the
first deep source/drain region further extends into the semi-
conductor substrate.

5. The semiconductor structure of claim 1, wherein the
second deep source/drain region further extends into the
semiconductor substrate.

6. The semiconductor structure of claim 1, wherein the
first isolation region and the second isolation region have top
surfaces higher than a top surface of the semiconductor
substrate.

7. A semiconductor structure comprising:

a silicon substrate comprising a first region and a second

region;

an n-type metal-oxide-semiconductor (NMOS) device

comprising:

a first silicon germanium layer over the first region of
the silicon substrate;

a second silicon germanium layer over the first silicon
germanium layer, wherein the second silicon germa-
nium layer has a lower germanium atomic percent-
age than the first silicon germanium layer;

a first lightly doped source/drain (LDD) region extend-
ing into the second silicon germanium layer and not
into the first silicon germanium layer; a first deep
source/drain region extending into the first silicon
germanium layer and the second silicon germanium
layer; and

a first gate dielectric over the second silicon germanium
layer;

a p-type metal-oxide-semiconductor (PMOS) device

comprising:

a third silicon germanium layer over the second region
of the silicon substrate, wherein the first and the third
silicon germanium layers have a same germanium
atomic percentage;

a fourth silicon germanium layer over the third silicon
germanium layer, wherein the fourth silicon germa-
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nium layer has a higher germanium atomic percent-
age than the third silicon germanium layer;

a second lightly doped source/drain (LDD) region
extending into the fourth silicon germanium layer
and not into the third silicon germanium layer; a
second deep source/drain region extending into both
the third silicon germanium layer and the fourth
silicon germanium layer; and

a second gate dielectric over the fourth silicon germa-
nium layer.

8. The semiconductor structure of claim 7 further com-
prising:

a first STI region having a first straight sidewall extending
from a top surface to a bottom surface of the first STI
region, wherein the first straight sidewall is slanted
with respective to the top surface and the bottom
surface of the first STI region, and both a first sidewall
of the first silicon germanium layer and a second
sidewall of the second silicon germanium layer are in
direct contact with the first straight sidewall of the first
STI region; and

a second STI region having a second straight sidewall
extending from a top surface to a bottom surface of the
second STI region, wherein both a third sidewall of the
third silicon germanium layer and a fourth sidewall of
the fourth silicon germanium layer are in direct contact
with the second straight sidewall of the second STI
region.

9. The semiconductor structure of claim 7, wherein the
first and the third silicon germanium layers are level with
each other, and are in physical contact with the silicon
substrate.

10. The semiconductor structure of claim 7, wherein the
first gate dielectric comprises lanthanum and is free from
aluminum, and wherein the second gate dielectric comprises
aluminum and is free from lanthanum.

11. The semiconductor structure of claim 7, wherein the
first and the second silicon germanium layers extend into a
source/drain region of the NMOS device, and wherein the
third and the fourth silicon germanium layers extend into a
source/drain region of the PMOS device.

12. The semiconductor structure of claim 7, wherein a top
surface of the fourth silicon germanium layer is higher than
a top surface of the first silicon germanium layer.

13. A semiconductor structure comprising:

a first metal-oxide-semiconductor (MOS) device compris-

ing:

a first silicon germanium layer having a first germa-
nium atomic percentage;

a second silicon germanium layer over the first silicon
germanium layer and having a second germanium
atomic percentage lower than the first germanium
atomic percentage;

a first lightly doped source/drain (LDD) region extend-
ing into the second silicon germanium layer and not
into the first silicon germanium layer;

a first gate stack over and contacting the second silicon
germanium layer; and

a first deep source/drain region extending into both the
first silicon germanium layer and the second silicon
germanium layer, wherein the first MOS device is an
n-type MOS device; and

a second metal-oxide-semiconductor (MOS) device com-
prising:

a third silicon germanium layer having a third germa-
nium atomic percentage equal to the first germanium
atomic percentage, wherein the first silicon germa-
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nium layer and the third silicon germanium layer
further have a same silicon atomic percentage;

a fourth silicon germanium layer over the third silicon
germanium layer and having a fourth germanium
atomic percentage greater than the third germanium
atomic percentage;

a second LDD region extending into the fourth silicon
germanium layer and not into the third silicon ger-
manium layer;

a second gate stack over and contacting the fourth
silicon germanium layer; and

a second deep source/drain region extending into both
the fourth silicon germanium layer and the third
silicon germanium layer, wherein the second MOS
device is a p-type MOS device.

14. The semiconductor structure of claim 13, wherein the
third silicon germanium layer has a top surface lower than
a top surface of the first silicon germanium layer.

15. The semiconductor structure of claim 13 further
comprising a silicon substrate underlying and in contact with
the first silicon germanium layer and the third silicon
germanium layer.

16. The semiconductor structure of claim 15, wherein the
first deep source/drain region and the second deep source/
drain region further extend into the silicon substrate.

17. The semiconductor structure of claim 13, wherein the
first gate stack comprises a first gate dielectric in contact
with the second silicon germanium layer, and the second
gate stack comprises a second gate dielectric in contact with
the fourth silicon germanium layer.
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